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Abstract The Tibetan Plateau, also known as the
‘‘Water Tower of Asia’’ because of its function as a
water storage and supply region, responds dramati-
cally to modern climate changes. Paleoecological
shifts inferred from lake sediment archives provide
essential insights into past climate changes, and the
processes that drove those shifts. This is especially
true for studies of lakes in endorheic basins on the
Tibetan Plateau, where lake level is regulated pre-
dominantly by Monsoon intensity. Such water bodies
provide excellent opportunities to reconstruct past
changes in humidity. Most paleolimnological investi-
gations of lakes on the Tibetan Plateau, however, have
involved the study of a single sediment core, making it
difficult to discern between changes caused by local
events and those caused by lake-wide or regional
processes. Here we present results from a paleolim-
nological study of Lake Taro Co, a currently closed-
basin lake in Central Tibet. We compared a sediment
record from the central part of the lake to a record from
the near-shore area, and present results of sedimento-
logical and bioindicator (chironomid, diatom, pollen)
analyses from both records. Results show three
periods of lake-wide ecosystem change ([ ca. 5250,
5250–2250 and\ since about 2250 cal year BP),
which reflect a continuous drying trend throughout
the Middle and Late Holocene. In addition to this lake-
wide trend, we identified two local events in the
sediment core from the southeastern, nearshore site.
These include (1) a hiatus between 12,400 and
5400 cal year BP and (2) an 1800-year period of
distinct paleoenvironmental conditions
(5400–3600 cal year BP). We hypothesize that both
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events were caused by relocation of a river in the
southeast sector of the lake’s catchment. We propose
that the first relocation caused an erosion event that
removed sediment, thereby producing the hiatus.
During the following 1800 years, the core site may
have been located on the river delta, before another
river relocation at 3600 cal year BP established the
modern prodelta situation. Our study demonstrates the
value of using multiple sediment cores from a lake, to
better identify processes that control widespread
versus local events.
Keywords Monsoon  Chironomidae  Diatoms 
Geochemistry  XRF  Paleolimnology
Introduction
The majority of Earths ecosystems are experiencing
major changes as a result of anthropogenic climate
change (Malhi et al. 2020). One of the most strongly
affected regions is the Tibetan Plateau (TP). It is not
only affected by warming that is roughly twice the
global average (Anslan et al. 2020), but also by
changes in the Indian and East Asian Monsoon
systems (Haberzettl et al. 2019). Both are intensifying
because of climate warming, thereby enhancing water
transport to the TP (Zhang et al. 2017). Therefore,
dramatic environmental changes are occurring all over
Tibet, including melting of glaciers (Yao et al. 2007)
and rising lake levels (Jiang et al. 2017). These
changes impact Tibetan ecosystems and the region’s
function as the ‘‘Water Tower of Asia,’’ i.e. its ability
to store and supply water, which provides a crucial
service for the surrounding, densely populated regions
(Immerzeel et al. 2010). Some climate-induced
changes, such as the ongoing melting of glaciers, can
be reliably predicted using models based on physical
variables (Zhao et al. 2014). Other changes, however,
such as ecosystem responses, are harder to predict.
Our understanding of such possible responses can be
improved by studying past ecosystem dynamics
(Schwarz et al. 2017; Laug et al. 2020a; Ma et al.
2020).
Closed-basin lakes are particularly well-suited for
studies of past humidity changes. As a result of
differing water supply and evaporation through time,
water levels in these systems rose and fell, and
salinities decreased or increased (Haberzettl et al.
2015; Gyawali et al. 2019). Reliable climate and
ecosystem reconstructions from Tibetan lake sedi-
ments have been accomplished using a range of
paleoecological methods, including sedimentological
and geochemical information (Kasper et al. 2012),
fossil material from fauna such as chironomids
(Brooks et al. 2007) and ostracods (Börner et al.
2017; Alivernini et al. 2018), diatoms (Schwarz et al.
2017; Yu et al. 2019), as well as terrestrial remains
transported into the lake, such as pollen (Ma et al.
2014, 2020). Each of these bioindicators has strengths
and weaknesses, but it is their combination, in a multi-
proxy approach, that enables reliable paleoclimate and
paleoenvironmental inferences (Birks and Birks
2006).
Most paleolimnological investigations use only a
single sediment core, often collected from the central
part of the lake (Ma et al. 2014; Guo et al. 2016). Some
environmental shifts are recorded throughout the
entire lake, whereas others may affect only local areas
or certain habitats (Turner et al. 2016; Kou et al. 2020).
Therefore, comparison of sediment cores from differ-
ent locations, in addition to analysis of multiple
sediment variables, can improve the outcome of a
paleoecological study (Digerfeldt 1986).
Site description
Taro Co is a large, oligotrophic fresh to brackish water
lake (0.6 g L-1 TDS, Alivernini et al. 2018) with a
maximum depth of 132 m (Guo et al. 2016). It is
located at 4567 m a.s.l. in the western part of the
Central TP (31 030–31 130 N, 83 550–84 200 E,
Fig. 1). Although it was hydrologically connected to a
larger lake system in the past, today it is a closed-basin
lake that extends over an area of 488 km2 (Alivernini
et al. 2018). The lake water has a mean alkalinity of
6.9 mmol CaCO3 L
-1, a pH of 9.4, and possesses
oxygen throughout the entire water column year-round
(Alivernini et al. 2018; Turner et al. 2016). The lake is
located in a high-alpine, continental climate (mean
annual temperature 0–2 C) and is fed mainly by
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precipitation from the Indian Summer Monsoon and
glacial meltwater, which originates mainly from the
high Gangdise Mountains, which rise to 7095 m a.s.l.
(Zheng et al. 1989). The 7000-km2 lake catchment is
covered by alpine steppe and alpine meadow, and the
bedrock consists of mudstone, siltstone, conglomer-
ates, marine clastic rocks, siliceous mudstone and
marlstone (Ma et al. 2014). Over the last few decades,
the lake increased slightly in size (Wu et al. 2017), and
terraces in the catchment provide evidence of past lake
highstands, up to 53 m higher than today (Alivernini
et al. 2018).
The aims of this study were to use chironomid,
diatom and sedimentological data in two sediment
cores from Lake Taro Co, Central Tibet to: (1)
reconstruct lake-wide ecosystem shifts during the
Holocene in the basin, (2) distinguish between local
and lake-wide changes in the ecosystem, and (3)
identify possible causes of local events.
Materials and methods
Field sampling
Two sediment cores were collected from different
sites in the lake, using a gravity corer. A 121-cm-long
core was collected from the central part of the lake
during a 2011 field campaign (TOC 11-04, 68 m water
depth). The second core is 135 cm long, and was
recovered from a sub-aquatic prodelta near the south-
eastern shore (TRGC 14-06, 29.4 m water depth),
during field work in 2014. Core TOC 11-04 was
transported to the laboratory of the Physical Geogra-
phy Department of the Friedrich-Schiller-University
Jena, Germany, where it was stored under dark and
cool (? 4 C) conditions prior to processing. The core
was split lengthwise, photographed and the sediments
were described according to standard protocols. Core
TRGC 14-06 was treated similarly at the Institute of
Tibetan Plateau Research, Chinese Academy of
Sciences, Beijing. Sediment cores were analyzed for
sedimentological and geochemical characteristics
(grain size, organic and inorganic carbon, elemental
concentrations) and paleoecological bioindicators
(chironomids, diatoms, pollen).
Chronology
Six bulk sediment samples from TOC 11-04, and nine
samples from TRGC 14-06, the three lowermost being
bulk sediment and all others plant material (Electronic
Supplementary Material [ESM] Table S1), were
radiocarbon-dated by accelerator mass spectrometry
(AMS) at Beta Analytic, Inc. (Miami, USA). One
surface sample from each core was dated to assess the
present-day reservoir effect, which was assumed to
have remained constant over time. The surface age
was subtracted from each of the radiocarbon ages
before calibration (ESM Table S2). After reservoir
Fig. 1 Location of Lake Taro Co on the Tibetan Plateau.
Locations of sediment cores TOC 11-04 (black asterisk) and
TRGC 14-06 (purple asterisk) are indicated. Bathymetric map




correction and calibration using the IntCal20 data set
(Reimer et al. 2020), age-depth models were devel-
oped using the R software package Bacon (Blaauw
and Christen 2011). The resulting chronology for TOC
11-4 was tested and confirmed using paleomagnetic
secular variation (PSV) stratigraphy (Haberzettl et al.
2015). Paleomagnetic analyses of TRGC 14-06 were
unsuccessful, probably because particles in this core
are too coarse.
Geochemical analyses
Semi-quantitative scans of inorganic elemental com-
position were carried out at 2-mm resolution on TOC
11-04 and at 1-mm resolution on TRGC 14-06, using
ITRAX XRF-core scanners. Double-L-channels (Nak-
agawa 2007) were taken from TOC 11-4 and subsam-
pled at contiguous 1-cm intervals for analysis of grain-
size, total nitrogen (TN), total inorganic (TIC) and
total organic carbon (TOC). For grain-size analysis,
samples were pretreated with H2O2 (10%) and
HCl (10%) to degrade organic matter and dissolve
carbonates, respectively. Dispersion of grains was
achieved using sodium pyrophosphate and samples
were shaken for 2 h. Grain-size distribution was
measured in seven cycles of 60 s each on an LS
13,320 Beckmann Coulter Counter, and the first
reproducible signal was used for interpretation, apply-
ing the Fraunhofer optical model and a modified
version of Gradistat 4.2 (Blott and Pye 2001) for sand,
silt and clay content determination. Samples for TIC
and TOC analyses were freeze-dried and ground
(\ 40 lm). Total carbon (TC) and TN were measured
using an elemental analyzer (Vario El Cube). Subse-
quently, carbonates were dissolved with HCl 30% p.a.
prior to the measurements of TOC with the same
device. TIC was calculated as the difference between
TC and TOC and molar C/N ratios were calculated
using TOC and TN.
Chironomids
For chironomid analysis, 44 samples from each core
were prepared following standard procedures (Brooks
et al. 2007) and mounted in Euparal mounting
medium. If sufficient material was available, the
process was repeated until a minimum of 50 head
capsules (HC), the recommended sufficient count sum
for numerical analysis (Quinlan et al. 2001), were
enumerated. Low head capsule concentrations in
several samples made it impossible to count the
recommended minimum number. Therefore, several
samples from TOC 11-04 were combined prior to
numerical analysis (ESM Table S3). Despite combin-
ing samples, one merged sample (118–121.5 cm)
contained only 47.5 HC. Given the low biodiversity,
we nevertheless decided to include this sample in
subsequent analyses, although we acknowledge that
numerical results for this sample are less reliable. For
TRGC 14-06, one sample (130.5 cm) was excluded
because the count sum was too low.
Identification of subfossil larval remains followed
Brooks et al. (2007) and Laug et al. (2019). The most
common morphotype, Micropsectra radialis-type,
was split into three subtypes based on morphological
differences. The subtype resembling the description
by Oliver Heiri and used in Brooks et al. (2007),
characterized by a median tooth with two notches, a
white spot below the median tooth and a small spur on
the antennal pedestal, is referred to as M. rad. type
HEIRI. The main identification characteristics of
M. rad. type T1 are a median tooth without notches,
an indefinite light spot below the median tooth and a
relatively large spur with sclerotized edges on the
antennal pedestal. M. rad. type T2 is characterized by
a median tooth with two notches, a distinct white spot
below the median tooth and the absence of a spur on
the antennal pedestal. Furthermore, this subtype
features relatively short ventromental plates. Pictures
of all three M. radialis subtypes, an identification tree,
and detailed descriptions of the three subtypes in
comparison to the genus Paratanytarsus, as well as
pictures of the Tibetan chironomid Acricotopus indet.
morphotype incurvatus, are provided in ESM
Figs. S1–4 and Tables S4, S5. For one sample
(83 cm), distinguishing the M. radialis subtypes was
extrapolated after counting 20.5 out of 55.5 Microp-
sectra and Paratanytarsus head capsules, because the
original microscope slide was broken. Chironomid
concentrations were calculated using count numbers
from freeze-dried and wet samples in relation to the
calculated dry weight based on water content mea-
surements during the freeze-drying process.
Diatoms
For diatom analysis, 22 and 35 samples from TOC
11-04 and TRGC 14-06, respectively, were processed
123
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following standard procedures, including addition of
divinylbenzene microspheres for determination of
diatom concentrations (Battarbee and Kneen 1982).
The resulting suspension was diluted, dried and
mounted in Naphrax. If possible, 400 valves per
sample were counted. Diatom species were identified
mainly using Houk et al. (2010, 2014) and Lange-
Bertalot (2017), and updated taxonomically following
Mohan et al. (2018). For some small planktonic
diatoms, most notably Lindavia biswashanti Mohan
and Stine and Pantocsekiella ocellata Pantocsek,
distinguishing under the light microscope was not
always possible. These species were thus combined in
the taxon ‘‘small Cyclotella sensu latu (s.l.) group.’’
Pollen
For pollen analysis, 31 samples from TOC 11–04 were
analyzed following standard procedures. Identifica-
tion followed Beug (2004). For graphical representa-
tion and interpretation within the scope of this study,
only the ratio of Artemisia to Cyperaceae pollen was
used.
Data repository
Datasets for all variables (geochemical analyses,
chironomids, diatoms and pollen) analyzed in this
study are published in the online database Pangaea
(https://doi.pangaea.de/10.1594/PANGAEA.927803).
Numerical analysis
For numerical analyses, taxa that occurred in abun-
dances of B 2% were considered rare. Zonation of the
downcore diagrams was established independently for
each core. In the first instance, percentages of non-rare
chironomids were used in a cluster analysis (Everitt
2011), and the number of statistically significant zones
was determined using a broken-stick model (Bennett
1996). Broken-stick analysis suggested no statistically
significant boundaries (ESM Figs. S5, S6), but to
support interpretation, zone boundaries were estab-
lished visually using the chironomid record, if they
were supported by changes in other variables. Ages for
the zone boundaries were rounded to the nearest
century. All statistical analyses were performed with
R, using the ‘vegan’ package (Oksanen et al. 2016).
Results
Chronologies
TOC 11-04 spans 7300 years of continuous sedimen-
tation (Fig. 2). The age-depth relationship over the
entire sediment core is almost linear, with slightly
Fig. 2 Age-depth models of the sediment cores TOC 11-04 (left) and TRGC 14-06 (right), including core images and lithologies
plotted to the right of each panel
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higher sedimentation rates observed before 5000 cal -
year BP. A relatively small reservoir effect of
120 ± 30 years was observed and applied to the
record (Fig. 2).
The sedimentation rate for core TRGC 14-06 was
slightly higher than for core TOC 11-04 and the
observed reservoir effect (80 ± 30 years) was slightly
smaller than that of TOC 11-04. The upper 120 cm of
TRGC 14-06 cover the entire time period from
5400 cal year BP to present. Samples below 122 cm
were older than 12,400 cal year BP, suggesting a
hiatus of about 7000 years below this core depth
(Fig. 2).
Central lake core (TOC 11-04)
Relatively homogenous, dark grey silt with faint
laminations characterizes the lower part of the central
lake core (121.4–50 cm; Fig. 2), whereas the upper
50 cm (\ 3000 cal year BP) are characterized by
more frequent occurrences of layers of light grey silt
(Fig. 2). The chironomid samples from the central
lake core contained on average 52.8 head capsules
(HC) per sample (mean = 18.5 HC g-1 dry). Twenty-
one samples with low count sums were merged into
eight samples to achieve count sums suitable for data
analysis, leaving a final dataset of 31 samples (ESM
Table S3). We identified a total of 43 taxa, of which 17
were considered rare. Samples analyzed for diatoms
contained on average 20.7 9 107 valves per gram dry
sediment. We identified a total of 130 taxa in the core
from the central part of the lake. Based on the
chironomid record, the central core (C) was divided
into three zones (Figs. 3, 4, ESM Fig. S7).
Zone C1: 7300–5100 cal year BP
Zone C1 is dominated by Micropsectra radialis-type
(55–80%), which is the most common chironomid
taxon throughout the core. All three M. radialis
subtypes show similar abundances in this zone.
Zone C1 shows low percentages of Paratanytarsus
Fig. 3 Radiographic core image from the central core (TOC 11
04), Artemisia/Cyperaceae ratio, geochemical (TOC, C/N ratio,
TIC, Ca, Fe, K) and grain size (yellow = sand, turquoise = silt,
grey = clay). Note that Artemisia/Cyperaceae ratio and XRF
data are plotted on a logarithmic scale. Data are plotted on a
sediment depth scale (cm) with an age scale (cal year BP) for
reference. Zonation (C1–C3) follows the chironomid assem-
blages. (Color figure online)
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(5–10%) and Pseudosmittia (B 5%). Head capsule
concentrations are the lowest of the entire core (on
average 5.3 HC g-1 dry). Diatom assemblages of
Zone C1 are dominated by valves of the planktonic
‘‘smallCyclotella s. l. group’’ (50–60%), accompanied
by the periphytic Staurosirella pinnata (Ehrenberg)
D.M. Williams and Round (10–20%). The most
abundant grain size in Zone C1 is silt (60–70%),
followed by clay (25–30%) and sand (5–10%). The
Artemisia/Cyperaceae ratio, total organic carbon
(TOC) and C/N ratio are low for the first part of the
zone and increase rapidly above 95 cm (6300 cal year
BP). Total inorganic carbon (TIC) and calcium (Ca)
values are low, and those of iron (Fe) and potassium
(K) are high throughout Zone C1.
Zone C2: 5100–2400 cal year BP
Although still dominant in Zone C2, Micropsectra
radialis-type occurs in lower abundances (50–60%)
than in Zone C1. This decrease is mostly the result of
decreases of the subtypes M. radialis type HEIRI and M.
radialis type T1. These two subtypes both show
abundances up to 20%, whereas M. radialis type T2
increases to * 30% at the transition to Zone C2.
Paratanytarsus increases slightly to 10–20%, whereas
Pseudosmittia disappears from the chironomid fauna.
Chironomus anthracinus-type and Psectrocladius
sordidellus-type are present at * 5% throughout the
zone. Head capsule concentrations increase abruptly at
the onset of Zone C2, and stay relatively constant, at
on average 26.5 HC g-1 dry. Zone C2 is the only
section of the central lake core that shows periphytic
diatoms in high abundances. Staurosirella pinnata,
Staurosira construens Ehrenberg and Pseudostau-
rosira brevistriata (Grunow) D.M. Williams and
Round, all present in Zone C1, reach maxima in
Zone C2. In contrast, the planktonic ‘‘small Cyclotella
s. l. group’’ shows the lowest abundances of the record
(20–40%). Whereas the silt content is relatively stable,
the clay content decreases in favor of sand during Zone
C2. The Artemisia/Cyperaceae-ratio continues to rise
and TOC and C/N ratio stay high throughout Zone C2.
Shortly after the onset of Zone C2, above 80 cm
(4700 cal year BP), TIC and Ca values rise distinctly,
and continue less markedly to the top of the record. Fe
and K continuously decrease from the bottom to the
top of the record, but most markedly in Zone C2.
Fig. 4 Radiographic core image from the central-lake core
(TOC 11 04), selected chironomid and diatom taxa ([ 4%) as
percentages of their sums (blue bars = chironomids, blue
silhouettes = planktonic diatoms, green silhouettes = peri-
phytic diatoms), chironomid and diatom concentrations (per
gram dry sediment; black line with circle symbols) and the
planktonic/periphytic diatom ratio (right). Data are plotted on a
sediment depth scale (cm) with an age scale (cal year BP) for
reference. Zonation (C1–C3) follows the chironomid assem-
blages. (Color figure online)
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Zone C3: 2400 cal year BP to present
Micropsectra radialis-type is the most abundant
chironomid morphotype in Zone C3, but shows lower
abundances (35–45%) compared to Zone C2. This
decrease is the result of a decline inM. radialis type T2
to 20–30%. While the abundances of Chironomus
anthracinus-type and Psectrocladius sordidellus-type
remain constant around 5%, Paratanytarsus increases
in abundance, up to 30%. Head capsule concentrations
stay at intermediate values (on average 29.7 HC g-1
dry). In Zone C3, all three periphytic diatom species
decrease, whereas the planktonic ‘‘small Cyclotella s.
l. group’’ increases and reaches 93% in the most recent
sample. The Artemisia/Cyperaceae ratio continues to
rise throughout Zone C3, showing a slight reduction
only in the three most recent samples. Whereas TOC
remains high throughout the zone, the C/N ratio
decreases until 20 cm (1000 cal year BP) and
increases thereafter. TIC and Ca values continue their
rise, whereas Fe and K values display a falling trend
throughout Zone C2.
Southeastern nearshore core (TRGC 14-06)
The southeastern nearshore core is characterized
mostly by dark grey silt, with layers of coarse plant
detritus, which are more abundant towards the top of
the core (Fig. 2). Chironomid samples contained on
average 110.8 head capsules per sample (mean = 54.3
HC g-1 dry). We identified a total of 40 chironomid
taxa, of which 23 were considered to be rare. Samples
analyzed for diatoms contained on average
13.0 9 107 valves per gram dry sediment. We iden-
tified a total of 87 mostly periphytic taxa. Based on the
chironomid assemblages, the southeastern core (SE)
was divided into four zones (Figs. 5, 6 and ESM
Fig. S8).
Zone SE1: 12,600–12,400 cal year BP
Although the chironomid assemblages throughout the
entire southeastern nearshore core are dominated by
Micropsectra radialis-type, the lowermost zone (SE1)
shows the lowest abundances of this taxon (* 60%).
The M. radialis-type specimens mainly belong to
Fig. 5 Radiographic core image from the southeastern core
(TRGC 14 06), geochemical results (Ca, Fe, K) and selected
chironomid taxa, shown as percentages of the chironomid sum
(blue bars), with Chironomus and Paratanytarsus identified to
morphotype level in green and red bars), chironomid
concentrations (per gram dry sediment; black line with circle
symbols). XRF data are plotted on a logarithmic scale. Data are
plotted on a sediment depth scale (cm) with an age scale (cal
year BP) for reference. Zonation (SE1-SE4) follows the
chironomid assemblages. (Color figure online)
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subtypes M. radialis type HEIRI (* 40%) and M. ra-
dialis type T1 (* 20%). The subtype M. radialis type
T2 accounts for\ 5% of the chironomid sum in this
zone. Zone SE1 is the only zone of the southeastern
core that shows considerable abundances of the
subfamily Orthocladiinae (in total * 5%), Chirono-
mus anthracinus-type and C. plumosus-type
(* 20%). Paratanytarsus shows abundances up to
5%. Head capsule concentrations are the lowest of the
entire core (on average 6.1 HC g-1 dry). In Zone SE1,
diatom valves were dissolved. The sediment of Zone
SE1 is characterized by light grey calcareous clay with
minor amounts of silt. Ca, Fe and K counts are high
throughout the zone.
Zone SE2: 5400–3600 cal year BP
In Zone SE2, the subfamily Orthocladiinae and the
genera Chironomus and Paratanytarsus disappear
almost completely from the assemblages, resulting in
higher relative abundances of Micropsectra radialis-
type (* 80%). The ratio between the M. radialis
subtypes remains similar, with M. radialis type HEIRI
accounting for 66%, M. radialis type T1 for 28% and
M. radialis type T2 for 5% of the morphotype sum,
respectively. The head capsule concentrations
increase abruptly at the onset of Zone SE2, showing
extremely high values throughout the zone (on aver-
age 91.9 HC g-1 dry). Throughout Zone SE2, only
periphytic diatoms occur. Most abundant are Eller-
beckia arenaria Moore ex Ralfs (* 40%), Cocconeis
cf. pseudothumensis Reichardt (* 40%) and Karaye-
via clevei (Grunow) Bukhtivarova (* 20%). The
diatom concentrations are comparably low throughout
the zone (0.8 9 107 valves g-1 dry). In the sediments,
an erosive contact is visible at the onset of the zone,
with a layer of gravel at the base, overlain by dark grey
silt and several intercalated sand layers. Similarly, the
Ca counts show an abrupt drop and the lowest values
of the whole record during Zone SE2. Fe and K counts
show a slight drop at the onset of Zone SE2 and remain
constant throughout the zone thereafter.
Fig. 6 Radiographic core image from the southeastern core
(TRGC 14 06), selected diatom taxa ([ 4%), as percentages of
their sums (blue silhouettes = planktonic diatoms, green sil-
houettes = periphytic diatoms), diatom concentrations (per
gram dry sediment; black curves with circle symbols) and the
planktonic/periphytic diatom ratio (right). Data are plotted on a
sediment depth scale (cm) with an age scale (cal year BP) for
reference. Zonation (SE1-SE4) follows the chironomid assem-
blages. (Color figure online)
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Zone SE3: 3600–2100 cal year BP
Abundance of Micropsectra radialis-type in
Zone SE3 is similar to that in Zone SE2 (* 80%).
Paratanytarsus reappears in low abundances (B 5%).
The ratio between the M. radialis subtypes changes,
with M. radialis type HEIRI accounting for 55%, M.
radialis type T1 for 18% and M. radialis type T2 for
27% of the M. radialis-type head capsules. Addition-
ally, the ratio between the three subtypes is variable
and fluctuates, with M. radialis type HEIRI decreasing
when the other two subtypes increase. The head
capsule concentrations are relatively low throughout
Zone SE3 (on average 14.3 HC g-1 dry). Periphytic
and planktonic diatoms are present in similar abun-
dances throughout Zone SE3. Ellerbeckia arenaria
and Cocconeis cf. pseudothumensis decrease dis-
tinctly at the onset of the zone, whereas Kareyevia
clevei remains present, with about 14%. The peri-
phytic taxa Plantothidium and Amphora pediculus
(Kützing) Grunow displayed increased proportions
(* 10%) in Zone SE3. The planktonic ‘‘small
Cyclotella s.l. group’’ occurs in fluctuating abun-
dances (3.0–66.3%). Diatom concentrations are very
high at the beginning of Zone SE3 (max. 56.8 9 107
valves g-1 dry) and thereafter remain at average
values (1.1 9 107 valves g-1 dry). Dark grey silt with
sparse layers of coarse plant detritus characterize the
sediment in Zone SE3. At the onset of the zone, Ca
counts start to increase while Fe and K counts start to
decrease, a trend that all three elements continue to
display throughout the zone.
Zone SE4: 2100 cal year BP to present
Micropsectra radialis-type continues to show abun-
dances of * 80% in Zone SE4. Paratanytarsus abun-
dances increase slightly, to as much as 10%. Minor
changes are visible in the M. radialis subtype-ratio (M.
radialis type HEIRI 60%, M. radialis type T1 12% and
M. radialis type T2 27%), and the trends in the
subtypes differ. M. radialis type HEIRI and M. radialis
type T1 fluctuate in concert, whereas M. radialis type
T2 runs contrary to the other two. The head capsule
concentrations increase to intermediate values
(mean = 28 HC g-1 dry). Zone SE4 is characterized
by a steady increase in planktonic diatoms, mainly
‘‘small Cyclotella s.l. group.’’ Abundances of peri-
phytic diatoms mostly decrease, and only
Plantothidium is present, at about 12%. Diatom
concentrations are relatively high and increase stea-
dily throughout the zone (on average 30.4 9 107
valves g-1 dry). Dark grey silt also characterizes Zone
SE4, but layers of coarse plant detritus become more
abundant toward the top of the core. Ca counts
continue to increase, and Fe and K counts decrease
further throughout Zone SE4.
Discussion
Sediment core comparison
The central-lake core and the southeastern, near-shore
core show similar compositions and development
through time in sedimentological, geochemical and
paleoecological indicators. Both cores consist mainly
of dark grey silts and show an increase in Ca and
decreases in Fe and K during the past ca. 5000 years.
Micropsectra radialis-type is the most important
chironomid taxon in both cores, and is accompanied
by lower abundances of Paratanytarsus at each site.
The overall composition of the chironomid fauna
reflects the freshwater conditions of Taro Co and the
great water depth, 68.0 and 29.4 m at the two locations
(Laug et al. 2020b).
Some differences, however, are noted when the
paleoecological records of the two cores are compared
in detail. Both chironomid concentrations and the
number of rare chironomid taxa are higher in the
southeastern core. Additionally, diatom assemblages
in the central-lake core show higher abundances of
planktonic taxa than those of the southeastern core.
These differences between the two cores almost
certainly reflect the different locations. Even though
both cores were collected from relatively deep-water
areas of the lake, the southeastern core was taken
closer to shallow-water zones (Fig. 1). Therefore,
greater input of sediment transported from shallow
parts of the lake is expected at the southeastern core
site, potentially carrying with it chironomid taxa and
periphytic diatoms. The greater water depth at the
central-lake core location might explain the relatively
low chironomid concentrations, commonly observed
in greater water depths (Heggen et al. 2012; Laug et al.
2020b).
Both cores display similar periods of environmental
change during the Middle to Late Holocene. We
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identified zonal boundaries at 5100 and 2400 cal year
BP in the central-lake core, which agree well with
zonal boundaries observed at 4900 and 2000 cal year
BP in the core from the southeastern site. Differences
between the ages of zones in the two cores are mostly
within the uncertainty estimates of the radiocarbon
dating method. Because these two boundaries are
identified in both cores, they are likely caused by lake-
wide, ecosystem-level changes. We therefore will
discuss the paleolimnological development of Taro Co
using three lake-wide stages: Stage I, before 5250,
Stage II, 5250–2250, and Stage III, from ca.
2250 cal year BP to present.
The southeastern core yields additional informa-
tion, given its 7000-year-long hiatus
(12,400–5400 cal year BP) and a 1800-year-long
phase of distinctly different environmental conditions
(5400–3600 cal year BP), as suggested by high chi-
ronomid concentrations, absence of planktonic dia-
toms, and extremely low Ca counts (Figs. 5, 6). It is
likely that these latter two phases, only observed in the
southeastern core, represent local conditions.
Paleoenvironmental history of Taro Co
Comparison between the two cores during Stage I
([ ca. 5250 cal year BP) is not possible because of
the hiatus in the southeastern core (12,400–5400 cal -
year BP). In the southeastern core, Stage I is repre-
sented only by a short sediment interval dated
to[ 12,400 cal year BP (Zone SE1). This zone stands
out because of its unique sedimentological and
microfossil composition. The sediments are carbon-
ate-rich, and it is the only zone in the southeastern core
in which Chironomus is present. Because this genus is
known from a broad range of ecological conditions
(Laug et al. 2020a), and because the chironomid
assemblages of this zone differ little from the rest of
the core, it is not possible to provide a reliable
interpretation of the environmental conditions during
this interval.
In the central-lake core, Stage I is represented
between 7300 and 5100 cal year BP (Zone C1). It is
the only part of this core in which Pseudosmittia is
present. Even though some species of Pseudosmittia
occur in shallow zones of lakes, the genus is
commonly interpreted as semi-terrestrial (Strenzke
1950; Laug et al. 2020b). Considering the present
water depth at the coring site, it is likely that the
Pseudosmittia head capsules were transported to the
core location from shallow areas of the lake. Further-
more, during this zone, TOC and head capsule
concentrations are low, indicating low chironomid
productivity. When local productivity is low, head
capsules transported to the site increase in relative
abundance, perhaps explaining the relatively high
abundances of the semi-terrestrial taxon Pseudosmit-
tia in this part of the record.
The transition to Stage II is characterized by the
largest differences in the record, which was noted for
all variables, although the timing of the onset of
change differed somewhat among sediment parame-
ters. For most indicators, changes occurred in the time
interval 5100–4700 cal year BP, a relatively brief
period, with differences in onset perhaps related to
differences in sensitivity of bioindicators compared to
inorganic variables (Schwarz et al. 2017). The largest
difference in response time was observed in TOC, C/N
ratio and pollen, which responded at 6300 cal year
BP,[ 1000 years earlier than the other indicators.
This difference might be related to a delayed reaction
of the lake ecosystem to a change in the watershed.
Pollen is an indicator of terrestrial vegetation
(Herzschuh 2007), and TOC, in combination with
C/N ratios, indicate an increase, probably allochtho-
nous, in productivity (Haberzettl et al. 2010).
The transition from Stage II to Stage III is less
pronounced, but characterized by changes in the same
direction, in particular by a further increase in the
abundances of Paratanytarsus and Ca counts in both
cores, as well as a further increase in the Artemisia/
Cyperaceae ratio. We interpret both transitions as
responses to a general, Middle to Late Holocene
drying trend, accompanied by a lake level decline and
slightly increasing lake-water salinity. The increase in
carbonate precipitation over time was likely caused by
greater ion concentrations, in turn caused by evapo-
ration and consequent lower lakes levels (Haberzettl
et al. 2009). The simultaneous increase of Ca counts
and total inorganic carbon (TIC) values in the upper
part of the central-lake core and the general decrease
in minerogenic input indicators (Fe, K) provide
additional support for this interpretation. This devel-
opment is reflected by the decline of Micropsectra
radialis-type in favor of Paratanytarsus, Chironomus
anthracinus-type and Psectrocladius sordidellus-type.
The three latter types, in contrast to M. radialis, all
indicate lower lake levels and are to a certain extent
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tolerant of higher salinity (Zhang et al. 2007; Laug
et al. 2020b). The most abundant chironomid and
diatom taxa, even in the most recent samples, consist
of freshwater taxa, reflecting the modern status of the
lake, at the limit between fresh and brackish water
(0.6 g L-1 TDS). Proxy variables used as indicators of
watershed conditions, TOC, C/N ratio and pollen, also
suggest a drying trend at both transitions. The rise in
the ratio of Artemisia to Cyperaceae can be interpreted
as a sign of increasing aridity (Herzschuh 2007),
potentially resulting in a sparser vegetation cover,
leading to increased erosion, and perhaps explaining
the concurrent increase in C/N ratio (Haberzettl et al.
2010).
The only proxy record that seems to contradict the
interpretation of a trend toward drier conditions and
lower lake level is the diatom record. Whereas the
transition to high percentages of benthic diatoms at the
first stage boundary might suggest a lake level decline,
abundance of planktonic diatoms increased during
Stage III, suggesting a rise in lake level. Although the
ratio of planktonic to periphytic diatoms can, because
of the relative abundance of pelagic and littoral
habitats, indicate lake level fluctuations (Wolin and
Stone 2010), lake basin morphology can play a key
role in determining the plankton/periphytic diatom
ratio (Stone and Fritz 2004; Wang et al. 2012). We
suggest that the increase in planktonic diatoms might
be connected with a decrease in the area of periphytic
diatom habitat. The Taro Co lake level at
4500 cal year BP was at least 30 m higher than today
(Alivernini et al. 2018) and flat areas along the north
and northeast shores of the lake were flooded (Fig. 1).
During a lake level decline, such areas at first became
shallow—ideal habitats for periphytic diatoms, but
subsequently became dry, resulting in a reduction of
these habitats, because the modern lake is character-
ized by steep contours, thus explaining the increase in
planktonic diatoms (Wigdahl-Perry et al. 2016; Beck
et al. 2019).
Previous results from the Taro Co region support
the hypothesis of a Middle to Late Holocene drying
trend. A lake level reconstruction based on optical
dating of paleoshorelines revealed a decline since the
Middle Holocene, including the separation of Taro Co
from neighboring Zabuye Salt Lake around
3500–3000 cal year BP (Alivernini et al. 2018). The
Middle to Late Holocene drying trend was not limited
to the Taro Co region, but seems to have been common
in monsoon-affected regions of Central Asia. For the
largest lake of the neighboring lake system, Tangra
Yumco (* 220 km east of Taro Co), several studies
showed a lake level decline after the Early Holocene
(Ahlborn et al. 2015; 2017; Ma et al. 2020). Stable iso-
tope and sedimentological records from Selin Co, the
largest lake of Tibet (* 450 km east of Taro Co),
revealed several drought events that occurred during
the past 4000 cal year (Gyawali et al. 2019). Similar
to our results, a multi-proxy reconstruction from Nam
Co, the second largest Tibetan lake (* 600 km east of
Taro Co) showed a general drying trend that started
4800 cal year BP (Doberschütz et al. 2014).
Local conditions at the southeastern core site
We suggest that relocation of an inflowing river was
the main driver of the two local events observed in the
southeastern lake core. Today, this river takes a turn
about 200 m from shore and then flows for * 1.6 km
parallel to the shore before entering the lake (Fig. 1).
Given the low height of the modern beach ridge,
only * 2 m above the river, a more direct route of
past river discharge into the lake is plausible.
At 5400 cal year BP, the climate around Taro Co
was more humid than today, suggesting greater river
discharge (Alivernini et al. 2018; Ma et al. 2020). If
the river broke through the beach ridge, currents
associated with discharge could have been strong
enough to erode sediment at the core location, and may
have been responsible for the first local event, the
7000-year-long hiatus between 12,400 and
5400 cal year BP. This interpretation is supported by
our lithological results, as sedimentation resumed with
a layer of gravel after the hiatus, indicating high
current velocities. Internal lake processes that could
cause a hiatus in lake sedimentation, such as stage
declines that result in subaerial exposure of the coring
location (Haberzettl et al. 2009), are not documented
in the central core and are therefore unlikely. Other
external causes, such as earthquakes, cannot at this
time be rejected.
Following the hiatus, all variables in the southeast-
ern core between 5400 and 3600 cal year BP indicate
distinct environmental conditions. We interpret this as
reflecting a more direct route of the river into the lake.
Under such conditions, the core location would have
been on the delta, instead of at its modern location on
part of the prodelta (Fig. 7). This interpretation would
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explain the coarser grain sizes observed during this
time (Fig. 2). It would also explain the low Ca counts
(Fig. 5), as the fresh water delivered by the current
might have hindered calcium precipitation at the site.
Furthermore, high chironomid concentrations
observed in this interval (Fig. 5) could be consistent
with this interpretation, as head capsules would have
been transported from the more densely populated
shallower areas to the core location. The end of this
interval might have been triggered by the formation of
the modern beach ridge, under drier conditions and
reduced river discharge, resulting in a different river
route and placing the southeastern core location as part
of the river prodelta. In addition to the first river
relocation, we propose that the river migrated over the
course of these 1800 years, explaining the gradient in
grain sizes from gravel to sand, as well as changes in
chironomid concentrations and diatom species com-
positions in the first part of Zone SE2.
The diatom results substantiate the interpretation of
changing river routes into the lake. Between 5400 and
3600 cal year BP, Ellerbeckia arenaria dominated the
diatom assemblages. This species was found in
sediments of turbid Central Canadian Rocky Mountain
lakes, which are characterized by the high influence of
glacial meltwater (Hickman and Reasoner 1994).
Furthermore, E. arenaria, considered to be a subaerial
species, grows on wet stones and tolerates extreme
water depth fluctuations (Schmid and Crawford 2001;
Krammer and Lange-Bertalot 2008), such as those
found in river deltas. E. arenaria could also have been
transported via glacial meltwater into downstream
areas (Krammer and Lange-Bertalot 2008), which in
turn could have transported the valves to the core
location (Hickman and Reasoner 1994). After the
second relocation of the southeastern river at
3600 cal year BP, ‘‘small Cyclotella s.l. group’’ pre-
vails, a species group that prefers stable conditions and
high light availability (Rioual et al. 2007).
The composition of the chironomid fauna during
the interval between 5400 and 3600 cal year BP
shows only two of the three Micropsectra radialis
subtypes. Presently, the ecological preferences of each
of these subtypes are unknown. Furthermore, the
subtypes are based on morphological differences and
do not necessarily belong to different species, but
could alternatively represent different larval instars of
the same species. Therefore, the different abundances
of the subtypes, in particular the low abundances of
M. radialis type C in Zone SE1 and SE2, could
suggest different ecological conditions, but could also
be related to differential preservation of subtypes as a
result of size differences and degree of chitinization.
Conclusions
We analyzed two sediment cores from Tibetan lake
Taro Co, and found evidence for a general Middle to
Late Holocene drying trend, as well as evidence for
two lake-wide, ecosystem-level changes, at ca. 5250
and 2250 cal year BP. As a result of drier conditions,
the lake level declined and lake water salinity
increased slightly throughout the Holocene. The
twin-core approach enabled us to distinguish between
lake-wide changes and local conditions, detected only
in the core located close to the southeastern shore. A
sedimentation hiatus spanning 12,400–5400 cal year
BP and a phase of different environmental conditions
between 5400 and 3600 cal year BP were identified in
that sediment core. We attribute both local events to
migration of a river that discharges in the southeast
sector of the lake. More direct flow into the lake,
resulting from higher flow, is certainly plausible and
contrasts with the modern river course, which takes a
turn and runs parallel to the shore. This hypothesis
would explain the hiatus as well as the phase
Fig. 7 Potential form of Taro Co and its tributaries under
different monsoon activity. Core locations are indicated
showing the position of both sediment cores in relation to the
river delta of Taro Co’s southeastern tributary
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afterwards, in which the core location would have
been situated on the delta.
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